Quantitative sodium MRI requires accurate knowledge of factors affecting the sodium signal. One important determinant of sodium signal level is the transmit B 1 field strength. However, the low signal-to-noise ratio typical of sodium MRI makes accurate B 1 mapping in reasonable scan times challenging. A new phase-sensitive B 1 mapping technique has recently been shown to work better than the widely used dual-angle method in low-signal-to-noise ratio situations and over a broader range of flip angles. In this work, the phase-sensitive B 1 mapping technique is applied to sodium, and its performance compared to the dual-angle method through both simulation and phantom studies. The phase-sensitive method is shown to yield higher quality B 1 maps at low signal-tonoise ratio and greater consistency of measurement than the dual-angle method. An in vivo sodium B 1 map of the human breast is also shown, demonstrating the phase-sensitive method's feasibility for human studies.
tuned transmit-receive coil configurations with significant B 1 inhomogeneity are used to maximize SNR, as most B 1 mapping methods are accurate over a limited range of flip angles.
The signal levels obtained during in vivo sodium imaging experiments are much lower than those obtained in conventional proton MRI. Because sodium imaging is performed with custom transmit-receive coils, B 1 is typically very inhomogeneous. A new phase-sensitive B 1 mapping technique has been introduced (14) , which provides accurate flip angle estimation over a wide range of flip angles at low SNR. This method has been shown (15, 16) to give flip angle estimates with less mean bias and lower standard deviation than the widely used dual-angle (17) (18) (19) and "actual flip angle imaging" (20) methods. The phase-sensitive B 1 mapping method may fail for large off-resonance frequency shifts. Because of sodium's low gyromagnetic ratio (~¼ that of hydrogen), off-resonance frequency shifts in sodium imaging are much smaller than in proton imaging. Thus, the phase-sensitive B 1 mapping method is well suited for flip angle mapping in sodium MRI.
In this work, we apply phase-sensitive B 1 mapping to sodium MRI and compare its performance to the widely used dual-angle method. Both the phase-sensitive and dual-angle methods were implemented in a sodium echo-planar imaging (EPI) sequence. The performance of each method was simulated at the low SNRs typical of sodium imaging across a range of flip angles, and results corroborated with phantom scans. We demonstrate that the phase-sensitive sodium B 1 mapping method performs more consistently across a broader range of flip angles than the dual-angle method. The phase-sensitive method was further applied in vivo to acquire a sodium B 1 map of the breast of a normal volunteer.
THEORY
The phase-sensitive B 1 mapping method (as described in Ref. 14) makes use of a 2α radiofrequency (RF) pulse about the x-axis followed immediately by an α flip about the yaxis. This series of pulses encodes flip angle in signal phase. Subtracting the phase between two acquisitions-one with a positive 2α initial pulse and the other with a negative 2α initial pulse-removes phase from other sources such as eddy currents and retarded potentials. The phase difference between the two acquisitions is a monotonic function of the actual flip angle, from which the flip angle can be estimated. For on-resonance spins, the phase difference can be expressed as [1] For off-resonance spins, the expression for the phase difference becomes more complicated. The effects of off-resonance on the phase-sensitive method are quantified in terms of the off-resonance precession that occurs during the 2α − α excitation. The angle of precession is designated as Δωτ, where τ represents the time between the center of the 2α pulse and the center of the α pulse, and Δω is the off-resonance frequency. The phase difference remains a monotonic function of flip angle for values of Δωτ up to about ±58°. Within this range of off-resonance precession, the effect of off-resonance can be compensated, but this requires the acquisition of a B 0 map. Outside this range, the phase difference between the acquisitions is no longer a monotonic function of flip angle and the method fails. For Δωτ near zero, i.e., for minimal B 0 inhomogeneity or very rapid RF excitation, the effect of offresonance on the flip angle estimate is minimal, and the flip angle map can be constructed accurately according to Eq. 1 without correction for off-resonance. When off-resonance effects are greater and require correction with a B 0 map, estimation of the flip angle based on the phase difference and measured B 0 is performed with a lookup table because the relationship between the phase difference and the actual flip angle has no simple closed form like Eq. 1 for off-resonant spins.
The dual-angle method encodes flip angle in the ratio between signal magnitudes made with nominal flip angles of α and 2α, respectively (17) (18) (19) . Let M 1 and M 2 be the magnitudes of a given voxel's signal for each of the two acquisitions, respectively. For GRE dual-angle B 1 mapping, the flip angle estimate is given by: [2] Mathematical analysis of flip angle mapping methods has shown that the phase-sensitive method gives flip angle estimates with lower mean bias and standard deviation over a wider range of flip angles than the dual-angle method (15, 16) . The phase-sensitive method has also been shown to give fewer measurements that are "out-of-bounds," i.e., that fall out of the allowed range of the observable quantity. Such measurements result from noise corruption of the acquired images. For instance, in the dual-angle method, a signal ratio M 2 /2M 1 greater than 1 may be observed with noise-corrupted data, for which no flip angle estimate can be made according to Eq. 2. Similarly, for the phase-sensitive method, a phase difference may be measured that does not correspond to any flip angle.
MATERIALS AND METHODS

Simulations
We evaluated the theoretical performance of the dual-angle and phase-sensitive methods with Monte Carlo simulation in Matlab (MathWorks, Natick, MA). We first simulated the standard deviation and mean bias of the flip angle estimate for each method. Both methods were simulated for a range of actual flip angles ranging from 0 to 2α 0 , where α 0 represents the middle of the range of measurable flip angles for each method (45° for the dualangle method and 90° for the phase-sensitive method). Simulation was performed assuming longitudinal relaxation time of 60 msec, pulse repetition time (TR) of 100 msec, and system SNR of 5, 10, and 15. System SNR was defined as the maximum signal possible with a 90°f lip angle and infinite TR, divided by the standard deviation of one of the two independent orthogonal components that comprise the MR image noise vector. A total of 50,000 iterations were performed for each value of actual flip angle at 1° intervals from 1° to 90°f or the dual-angle method and from 1° to 180° for the phase-sensitive method.
We then simulated the effect of off-resonance on the phase-sensitive method. The statistics of the flip angle estimate were examined by simulating with 50,000 iterations for values of actual flip angle ranging from 1° to 180° at 1° intervals, assuming longitudinal relaxation time of 60 msec, TR of 100 msec, and system SNR of 15. Simulation was performed for offresonance precession angles of Δωτ = 0°, 7°, and 14°. Off-resonance precession angle is the phase accrued because of off-resonance frequency Δω during the interval τ between the center of the 2α excitation and the center of the α excitation.
Phantom Studies/Statistical Comparison
We compared the performance of the phase-sensitive method and the GRE dual-angle method for sodium B 1 mapping by assessing the statistical performance of each method during repeated measurements in the inherently low-SNR environment of sodium MRI. The pertinent characteristics of each method reside in the excitation pulses used to encode flip angle, rather than the k-space trajectory used during readout. Thus, we sought to make the comparison as fair as possible by implementing both B 1 mapping methods using an identical 3D EPI sequence adapted for sodium imaging on a 3 T Siemens Trio MRI scanner (Siemens Medical Systems, Erlangen, Germany). Identical matrix size, voxel size, total readout duration, and readout bandwidth were maintained across methods for all comparisons.
To empirically evaluate the standard deviation in the flip angle measurement of each method, 20 phase-sensitive measurements and 20 dual-angle measurements were taken of a uniform cylindrical sodium (saline) phantom with outside diameter of 15 cm and [Na + ] = 154 mM. Both acquisitions were three dimensional using nonselective RF pulses, with the following sequence parameters: TR/echo time (TE) = 100/15 msec, EPI factor = 3, field of view (FOV) = 38.0 × 38.0 × 9.6 cm 3 , matrix size = 128 × 128 × 32, resolution = 3 mm isotropic, readout bandwidth = 165 Hz/pixel, and total scan time = 4 min 35 sec. As mentioned, each method used identical EPI k-space trajectory and total readout duration. A sodium-tuned quadrature birdcage coil was constructed for the experiment with inside diameter of 16 cm. Presaturation is typically required when using either the dualangle or the phase-sensitive technique for proton B 1 mapping. However, no presaturation was necessary in our sodium B 1 mapping experiments because the chosen TR of 100 msec is much longer than the longitudinal relaxation time of sodium.
The mean flip angle values were computed on a voxel-by-voxel basis across the 20 maps for both the phase-sensitive and dual-angle method to validate that the two methods yield consistent B 1 variations. The phase-sensitive maps are centered around a nominal flip angle of 90° (given a sensitive range of 0°-180° for the phase-sensitive method), whereas those of the dual-angle method are centered around a nominal flip angle of 60°. Note that although the sensitive range of the dual-angle method is 0°-90°, a nominal flip angle of 60° (rather than 45°) is typical given the dual-angle method's known sensitivity to noise at lower flip angles.
Flip angle maps were calculated from each of the 20 individual acquisitions for both methods. Maps measuring the standard deviation across the 20 observations at each voxel were then computed for both methods to determine which method provided more consistent measurement of B 1 values in this low-SNR environment. High SNR flip angle maps were also calculated for each method by averaging all 20 data acquisitions to verify that the methods were correctly implemented and give reasonable results at high SNR.
In Vivo 3D Sodium B 1 Mapping
Sodium B 1 maps were obtained of the breast in a healthy volunteer to verify the technique in vivo. The experiment was performed in compliance with our institutional review board requirements. The scan was performed on the same scanner and with the same sodium EPI sequence as the phantom scans, using nonselective excitation pulses. A custom dual-tuned sodium/hydrogen breast coil (diameter 6 in.) was built for the experiment, and the following scan parameters used: TR/TE = 100/9 msec, EPI factor = 3, FOV = 25.6 × 25.6 × 32 cm 3 , matrix size = 64 × 64 × 32, readout bandwidth = 165 Hz/pixel, and total scan time = 9 min 22 sec.
RESULTS
To facilitate comparison, all sodium B 1 maps shown are scaled to each method's applicable range (i.e., maps using the dual-angle method are scaled from 0° to 90°, whereas those using the phase-sensitive method are scaled from 0° to 180°). Although numerical ranges across the two methods differ, the relative shading is thus normalized for each method. Figures 1 and 2 show the results of Monte Carlo simulation of the performance of the phasesensitive and dual-angle B 1 mapping methods. Figure 1 shows the mean bias and standard deviation of the flip angle estimate obtained by each method over a range of actual flip angles for values of system SNR ranging from 5 to 15. The phase-sensitive method is seen to have lower flip angle estimate mean bias and lower standard deviation over most of the measurable range of flip angles. Figure 2 shows the effect of off-resonance on the accuracy of the flip angle estimates obtained with the phase-sensitive method. Off-resonance phase accrual during the RF excitation causes mean bias, but has little effect on the standard deviation of the estimate for the values of off-resonance precession of 7° and 14° shown in Fig. 2 .
Simulations
Phantom Studies/Statistical Comparison
Sample sodium B 1 maps of the phantom for each method are shown in Figs. 3 and 4 . Maps from a single acquisition for each method are shown in Fig. 3a ,c, and high SNR maps obtained by averaging all 20 measurements are shown in Fig. 3b,d . Zero (black) values indicate voxels where an out-of-bounds measurement occurred. The high SNR images reveal regular variations in B 1 (despite the different nominal flip angle), suggesting that both methods yield consistent B 1 data. Both B 1 maps show the sensitivity variation expected from the single-tuned birdcage coil used.
The superior performance of the phase-sensitive method is clearly visible in both the singleacquisition maps and the high SNR maps formed by averaging all 20 acquisitions. Some minor EPI artifacts are visible.
Corresponding standard deviation maps across the 20 measurements are shown in Fig. 4 . Out-of-bounds measurements were excluded from the standard deviation calculations. The phase-sensitive method yields a consistently lower standard deviation of measurement than the dual-angle method: average standard deviations were ~7% of the nominal flip angle for the phase-sensitive method and ~22% of the nominal flip angle for the dual-angle method (computed for voxels with a mean within 20% of the nominal flip angle across a large central region of interest in the phantom). These results are consistent with both theory and our Monte Carlo simulation results (Figs. 1 and 2 ).
In Vivo 3D Sodium B 1 Mapping
A phase-sensitive sodium B 1 map of the breast is shown in Fig. 5 . The method performs well enough to provide valuable information on sodium flip angle variations across breast tissue in a scan time of under 10 min. Parameter optimization and a more efficient k-space trajectory allowing shorter TE should enable further significant reductions in sodium B 1 mapping times. Achieving usable sodium B 1 maps in vivo with the dual-angle method typically requires prohibitively long scan times.
DISCUSSION
Our results (both theoretical and measured) indicate that the phase-sensitive and dual-angle methods achieve consistent measurement of B 1 in sodium MRI. However, the new phasesensitive method demonstrates a significantly and consistently lower standard deviation of measurement and much better noise performance. This confirms previous theory (15, 16) and suggests that the acquisition of sodium B 1 maps is feasible in reasonable scan times using the phase-sensitive method.
Although promising, the in vivo maps presented in Fig. 4 are still quite noisy. The EPI trajectory is far from optimal because of rapid transverse relaxation time (T 2 ) decay in sodium and the long TE required with an EPI trajectory. Significant improvements in the quality of B 1 maps and significant reductions in scan time should result when more SNRefficient sequences better adapted to sodium imaging are used, such as 3D twisted projection imaging (TPI) (10, 11) or the 3D cones trajectory (12,21).
As discussed above, the performance of the phase-sensitive B 1 mapping method is affected by off-resonance. Off-resonance causes precession of spins during the 2α − α excitation, which alters the phase information on which the flip angle estimate is based. This effect is illustrated in Fig. 2 . The off-resonance effects can be corrected if a B 0 map is obtained. However, Fig. 2 shows that for small off-resonance precession angles, off-resonance correction can be neglected without significantly affecting the accuracy of the flip angle estimate. A B 0 map was obtained during the in vivo B 1 mapping experiment shown in Fig. 5 as part of a proton three-point Dixon acquisition (22) , which showed a total range of B 0 inhomogeneity of about ±1 ppm. In this experiment, the time τ between the center of the 2α and α excitations was 600 μsec. Thus, the maximum precession angle due to inhomogeneity was ~7°. As Fig. 2 shows, inhomogeneity of this magnitude does not require correction with B 0 measurement. The phase-sensitive method fails if the angle of precession exceeds about 58°. This would correspond to B 0 inhomogeneity of about ±8 ppm, which is very unlikely to occur in an in vivo imaging situation.
Sodium signal shows biexponential T 2 decay with a fast component decaying with a time constant of a few milliseconds (23) . This rapid T 2 decay can have an effect on the effective flip angle achieved by an RF pulse, as transverse relaxation during the RF pulse results in less than expected transverse magnetization at the end of excitation, thus decreasing the effective flip angle. For the experiments presented in this manuscript, a total RF pulse length of 1.2 msec was used for the phase-sensitive flip angle mapping method. This excitation is long enough that effects of short T 2 decay might be expected. However, these effects are not present in our image data because of the relatively long 15 msec TE of our echoplanar acquisition. The data obtained accurately reflect the flip angle of the longer T 2 component of sodium and provide an accurate transmission B 1 map that is valid for species with other T 2 . When imaging with very rapid acquisition schemes (such as TPI or 3D cones) where the short T 2 component contributes to the measured signal, the effect of short T 2 on effective flip angle can be taken into account. This effect can be modeled if the short T 2 is known and if a transmission B 1 map (based on the longer T 2 signal component) has been obtained.
One potential limitation of the phase-sensitive B 1 mapping method is that it uses nonselective excitation pulses, which means that the entire sensitive volume of the receive coil must be imaged to avoid aliasing. In some situations, this might require lower image resolution or longer scan time than desired. However, this potential limitation of the phasesensitive B 1 mapping method does not apply to sodium imaging. Sodium imaging typically yields very low SNR, which is improved by increasing voxel size and increasing total acquisition time. Acquisition time may be increased by averaging multiple signals over time. However, it can also be increased by increasing the FOV while leaving voxel volume unchanged. For instance, rather than acquiring four signals and averaging, quadrupling the FOV and acquiring one signal gives equivalent SNR. Thus, in practical sodium imaging situations, it is easy to set up the phase-sensitive B 1 mapping method over a FOV larger than the sensitive volume of the coil without requiring extra imaging time; time that would have been spent collecting multiple signal averages may instead be used to image over a larger FOV, with equivalent SNR.
In our experiments, the dual-angle method was also implemented with nonselective pulses for the fairest possible comparison. Implementation of the dual-angle method with sliceselective excitation can lead to marked variation in the slice profile of the α and 2α pulses over a wide range of flip angles, which would negatively affect the accuracy of this method.
CONCLUSION
The phase-sensitive B 1 mapping method appears to be an excellent candidate for producing rapid, accurate sodium B 1 maps for quantitative sodium MRI. The method is particularly well adapted to the low-SNR environment characteristic of sodium imaging and performed significantly better than the standard dual-angle method in the studies conducted. The phasesensitive method returned comparable B 1 values to the dual-angle method while achieving greater consistency in measurement, a result corroborated through Monte Carlo simulation of each method. A preliminary study in the human breast indicates that the method yields sufficient SNR to provide valuable 3D sodium B 1 maps in vivo in clinically feasible scan times.
FIG. 1.
Monte Carlo simulation of dual-angle and phase-sensitive B 1 mapping methods. The mean bias (upper panels) and standard deviation (lower panels) of the flip angle estimate obtained by each method over a range of actual flip angles are shown for values of system SNR ranging from 5 to 15 (panels a-c). The phase-sensitive method is seen to have lower flip angle estimate mean bias and lower standard deviation over most of the measurable range of flip angles.
FIG. 2.
Monte Carlo simulation of effect of off-resonance on the phase-sensitive method. The left panels (a) show the effect of off-resonance on the mean bias and standard deviation of the phase-sensitive flip angle estimate when B 0 correction is performed, as described in Ref. 14. The right panels (b) show the effect of off-resonance if no B 0 correction is performed. Offresonance phase accrual during the RF excitation causes mean bias, but has little effect on the standard deviation of the estimate for the values of off-resonance precession of 7° and 14° shown. Note that these values were informed by the in vivo study shown in Fig. 5 , where the maximum off-resonance precession angle across the breast was measured to be about 7°.
FIG. 3.
Dual-angle sodium B 1 maps for a single acquisition (a) and 20 averaged acquisitions (b). Phase-sensitive sodium B 1 maps for a single acquisition (c) and 20 averaged acquisitions (d). As seen, the phase-sensitive method yields much more robust sodium B 1 maps than the dual-angle method. Note that the phase-sensitive maps are centered around a nominal flip angle of 90° vs. 60° for the dual-angle method, reflecting the inherently wider dynamic range of the phase-sensitive method.
FIG. 4.
Standard deviation of the sodium B 1 maps for both the dual-angle method (a) and phasesensitive method (b) as measured across 20 acquisitions. The phase-sensitive B 1 mapping method yields a much more consistent measurement in the low-SNR environment typical of sodium imaging.
FIG. 5.
Proton three-point Dixon water (a) and fat (b) image of the breast of a healthy volunteer. The corresponding sodium magnitude image is shown in (c), showing good correlation with breast anatomy (high sodium concentration in fibroglandular tissue and lower concentration in fatty tissue). A 3D sodium B 1 map using the phase-sensitive method is shown in (d). The phase-sensitive method yields a high-quality B 1 map in vivo despite low sodium image SNR.
